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Strong water-mediated friction asymmetry and surface dynamics of
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Water molecules strongly interact with freshly cleaved (011) surfaces of L-alanine single crystals
at low relative humidity (below 10%) promoting diffusion of L-alanine molecules. Species mobility
is enhanced above ∼40% leading to the formation of two-dimensional islands with long-range or-
der through Ostwald ripening. Scanning force microscopy experiments reveal that both, islands and
terraces, are identical in nature (composition and crystallographic structure) but a relevant friction
asymmetry appearing upon water–surface interaction evidences that orientation dependent properties
exist between them at the molecular level. We interpret this observation as due to water incorporation
in the topmost surface crystal structure. Eventually, for high humidity values, surface dissolution and
roughening occur. © 2011 American Institute of Physics. [doi:10.1063/1.3571453]
I. INTRODUCTION
The study of the interaction of water with solid sur-
faces at ambient conditions is of paramount importance since
water–solid interfaces are involved in a myriad of relevant
phenomena such as adhesion, friction, charge transport, dis-
solution, oxidation, chemical reactivity, etc.1–6 Most of such
everyday phenomena rely on the nanometer scale, a fact that
might be surprising at first sight due to our macroscopic per-
ception of our surroundings. However, such dimensions have
been experimentally determined with different techniques
such as ellipsometry,7 infrared spectroscopy,8 scanning probe
microscopy (SPM),9 and photoelectron spectroscopy,10 as
well as simulated by computational methods.11
Many surfaces of different materials with differ-
ent affinity to water have been studied using different
techniques.7, 9, 12–20 Except for hydrophobic surfaces, above
roughly 30% relative humidity (RH) (Ref. 21) many interest-
ing phenomena arise, which might be related to the formation
of a water monolayer. In the case of NaCl(001) surfaces, it
has been recently shown that the charge state is correlated
with the ionic mobility, which is efficiently triggered above
35%.22 SPM investigations on gold have shown that 0.2 nm
high water islands grow from the steps at 35% RH, while full
coverage is achieved at 65% RH.23
Here we want to extend the study of the interaction of
water with surfaces to materials formed by molecules rele-
vant for life. We will concentrate on amino acids, the build-
ing blocks of proteins, and in particular on L-alanine [(S)2-
aminopropanoic acid]. Amino acids are organic molecules
that share a common structure made of a positively charged
ammonium group (NH+3 ) and a negatively charged carboxy-
lated group (COO−), linked to a carbon atom and to a radical
a)Electronic mail: cocal@icmab.es.
b)Electronic mail: jordi.fraxedas@cin2.es.
group that varies from one amino acid to another (a methyl
group in the case of L-alanine). This charged structure is
known as the zwitterionic form of the amino acid. The co-
existence of the NH+3 and the COO− hydrophilic groups and
the hydrophobic methyl group makes the hydration effects in
L-alanine a rather complex phenomenon that has received
considerable interest in recent years, mainly from the theo-
retical point of view.24–28 Although many studies, both ex-
perimental and theoretical, have been performed to shed
some light to the complex role of water on protein
biochemistry,29–37 an important lack of fundamental informa-
tion about the interaction of water with amino acids still ex-
ists, which can be in part overcome by investigating well char-
acterized surfaces of crystals under humidity conditions.
From the physical properties point of view, the tribo-
logical response of organic surfaces under diverse humidity
conditions becomes an obvious subject of interest by itself.
A powerful tool to understand different dissipation mecha-
nisms at surfaces is the scanning force microscope (SFM) in
its lateral force imaging mode (also known as friction force
microscopy, FFM).38, 39 In particular, surface characteristics
influencing the frictional properties can help visualizing re-
gions of different nature (chemical composition, structural
order). However, well designed and sensitive FFM measure-
ments can provide structural information such as molecular
tilt angles and/or tilt angle azimuths. This would be, for in-
stance, the case of observing friction anisotropy or friction
asymmetry, both of them related to the dependence of fric-
tion with the sliding direction. The term friction anisotropy in
general refers to the variation of friction with the relative ori-
entation angle between sliding surfaces and is commonly cor-
related with surface crystallographic orientations with respect
to the sliding direction (azimuth dependence). A nonisotropic
structure or surface packing would, for instance, produce
such an effect.40–43 On the other hand, friction asymmetry
refers to a change in friction, for the same surface symmetry
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relationship, when the sliding direction is changed by 180◦.
This effect can be observed, for instance, if a molecular tilt
out of the surface plane exists, being the sliding direction par-
allel or antiparallel to the tilt angle direction depending on
the scan direction.40 FFM has been successfully employed in
organic self-assembled monolayers (SAMs) not only to dis-
criminate between ordered configurations presenting differ-
ent friction coefficients44 or different packing43 but also to
decipher between equivalent structural domains as well as to
identify highly dissipative transient molecular configurations
during phase transitions.45
In this work, we have studied the role of water in the hy-
drophilic (011) surface of L-alanine crystals under controlled
ambient conditions (room temperature and variable RH), by
employing different scanning probe microscopies in a com-
bined manner.
II. EXPERIMENTAL
Single crystals of L-alanine were prepared by dissolv-
ing as-received commercial powder (Fluka, nominal purity
99.5%) in Milli-Q water. The alanine-water dissolution was
heated to 40◦C and then cooled to room temperature with a
temperature ramp of −1.5 × 10−3 ◦C h−1, without any buffer
solution.46 With this method, crystals with long dimensions in
the 0.5–2 cm range are obtained.47
SFM experiments were carried out at room temperature
using two different instruments. One of them is a commer-
cial 5500 Agilent Technologies SFM (Agilent Technologies,
Santa Clara, CA), which is located in a glovebox in order
to control humidity. RH inside the box was controlled, with
an accuracy of ±5%, by flowing dry nitrogen in order to de-
crease RH or by bubbling nitrogen through Milli-Q water to
increase RH. Freshly cleaved (011) surfaces were obtained
inside the glovebox at RH ∼ 5% and in situ transferred to
the SFM holder. Topographic and lateral force images were
obtained in acoustic (tapping) and contact modes using mi-
crofabricated silicon cantilevers (NanoAndMore, Darmstadt,
Germany) with force constants kc ∼ 45 N m−1 for tapping
mode (PPP-NCHR) and kc ∼ 0.05 N m−1 (PPP-CONTR)
for contact mode. Electrostatic mode images were obtained
using platinum coated microfabricated silicon cantilevers
(PPP-CONTPt) with kc ∼ 0.05 N m−1.
A second setup was used to accurately cross-check
the lateral force measurements at 2% < RH < 50%. This
instrument is a homemade microscope head48 combined
with an SPM100 control unit and software from Nan-
otec Electrónica.49 Sharpened Si3Ni4 tips mounted in
kc ∼ 0.1 N m−1 cantilevers were used (Veeco, Mannheim,
Germany).
In contact mode measurements, normal and torsion de-
flections of the cantilever were simultaneously measured by
means of a four-quadrant photodiode. The voltage difference
of the upper and lower segments is proportional to the nor-
mal deflection of the cantilever and consequently related to
the sample topography. The voltage range between the right
and the left segments is proportional to the torsion of the can-
tilever which is a direct measure of the lateral force and re-
lated to friction if the fast-scan direction is set orthogonal to
the cantilever axis. Provided the lateral force always opposes
the tip motion, the tip twist reverses when the scan direction
is inverted and the complete friction loop consists of a for-
ward (left to right) and a backward (right to left) scans. The
local frictional response is defined as 1/2(Flf − Flb) where Fli
is the lateral force signal along that line in the forward (i=f)
and backward (i=b) scan.
III. RESULTS AND DISCUSSION
A. Surface dynamics
The room temperature crystal structure of L-alanine
is orthorhombic (space group P212121) and lattice param-
eters a = 0.603 nm, b = 1.234 nm, and c = 0.578 nm.50
Figure 1 shows the top (a) and side (b) view projections of the
(011) surface. The surface unit cell parameters are 0.603 and
1.36 nm (along and perpendicular to the a-axis, respectively)
as indicated in Fig. 1(a). The molecular density is  4.87
molecules nm−2, i.e., the area per molecule is about 20.5 Å2.
Note that the L-alanine molecules adopt a standing up config-
uration within the surface and the separation between adjacent
molecular planes is 0.52 nm [Fig. 1(b)].
FIG. 1. (a) Top and (b) side views of the (011) crystal face of L-alanine
projected across and along the a-axis, respectively. The room temperature
crystal structure is orthorhombic, space group P212121, with four molecules
per unit cell and cell parameters a = 0.6032, b = 1.2343, and c = 0.5784 nm.
Crystallographic data taken from Lehmann et al. (Ref. 50). Carbon, oxygen,
nitrogen, and hydrogen atoms are represented by black, red, blue, and white
spheres, respectively. The surface unit cell, in blue in (a), is 0.60 × 1.36 nm2.
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FIG. 2. Topographic SFM images of a (011) surface of a L-alanine single
crystal. The images were acquired on freshly cleaved surfaces in the acoustic
(tapping) operation mode in a glovebox at room temperature and at the RHs:
(a) 10%, (b) 30%, (c) 50%, and (d) 70%. Cleavage was performed at RH
∼ 5%. Scale is 30 μm × 30 μm.
Figure 2 shows tapping mode topographic images of a
(011) surface cleaved at RH ∼ 5% and taken at different RHs.
Cleavage induces the formation of triangular- or V-shaped ter-
races, with extremely long step edges (several tens of mi-
crometers) forming acute angles between 5◦ and 30◦. Note the
presence of underlying X-shaped slip traces in Fig. 2(a). Sim-
ilar step structures have been reported for cleavage surfaces
of different single crystals such as CaF2,51 BaF2,52 and mono
clinic L-arginine phosphate monohydrate.53 The measured
step heights are integer multiples of  0.5 nm, which corre-
sponds to the distance between two adjacent (011) molecular
planes [see Fig. 1(b)]. Already at RH ∼ 10%, a non-negligible
surface roughness is observed, indicating the proclivity of wa-
ter to induce surface modifications. Conversely to what is
expected from an interaction activated at defects, both step
edges and terraces are equally perturbed for a wide range of
humidities, pointing to a mechanism involving incorporation
of water to the crystal surface. With increasing RH the sur-
face becomes strongly perturbed [see Figs. 2(b) and 2(c)] and
above ∼ 50% RH the perturbation is so strong that in some
regions the initial step structure becomes hardly recognisable
[Fig. 2(d)]. Indeed, for increasing RH values, the influence
of the tip becomes more relevant, but important perturbation
induced by the sweeping action of the tip is discarded since
surface roughening was observed as well in regions of the sur-
face that were not previously scanned. Consequently, the pro-
cess reported here is mainly induced by water.47
Figure 3(a) shows, at larger magnification, the evolu-
tion of the surface after being exposed to ∼25 and ∼40%
RH. The initial scenario consisting of flat regions (terraces)
separated by steps has evolved as to reveal two important
points that will be addressed in detail next: (i) each region ex-
hibits now two well differentiated levels, terraces, and islands.
The measured islands’ heights are ∼0.35 nm, clearly smaller
than the distance between adjacent (011) molecular planes
(∼0.5 nm), a clear indication of the restructuration of the sur-
face induced by water. (ii) The islands’ size is much larger for
the higher RH, suggesting a coarsening process in which both
increasing humidity and elapsed time play a joint role. Pro-
vided below ∼20% only small changes in island evolution are
observed after several hours, we illustrate the coarsening pro-
cess for a given humidity as a function of time with data ob-
tained at ∼40% [Fig. 3(b)]. At this RH the effects induced by
water are quite evident in a reasonable time scale (few hours).
Quick inspection of the images clearly reveals that larger
islands grow at the expense of smaller ones, a well-known
phenomenon termed (2D) Ostwald ripening.54–56
Due to the difficulty of tracking individual islands as they
evolve, we instead compare the total area covered by islands
and the corresponding area to perimeter ratio, as shown in
Fig. 3(c). In order to understand the role and influence of RH
in the process, the recorded glovebox humidity is also shown
(continuous blue line). It displays a slow increase up to a con-
stant value kept at 40%. This RH value can be regarded as
a threshold dividing the plot into two clearly differentiated
regions. The area to perimeter ratio is constant only below
the stabilization of RH and it increases almost monotonically
from there on. This first result indicates that below such a
threshold the small islands formed at the beginning are es-
sentially stable but above it the islands coalescence building
larger islands. On the other hand, the covered area remains
quite constant (slightly above 50% of the total explored sur-
face) over the entire experiment and basically equal to the area
of the islands formed from cleavage to acquisition of the first
image at the lower RH. This second result supports the exis-
tence of a process where water strongly interacts, likely in-
corporated into the surface at low humidity. Surface diffusion
seems to be relatively moderate until an increase in humid-
ity provides an extra mobility to the surface species triggering
the Ostwald ripening process. As it will be discussed later
on, this threshold RH seems to have a crucial role leading
to an unexpected increase in friction asymmetry, supporting
our interpretation of an increase in mobility. Observation by
SFM of Ostwald ripening induced on a surface by adsorbed
water films has been already reported for salt nanocrystals
deposited on silicon oxide substrates57 and for boric acid
surfaces.58
As already seen [Fig. 2(d)], for RH well above 40% sur-
face disruption becomes evident. This is exemplified in Fig. 4,
where the evolution from 50% up to 80% is shown. Already
at 50% the species mobility is so high that Ostwald ripening
leads to the formation of large terraces with rounded edges
and embedded voids, reminiscent of pre-existing islands and
the empty space between them. As humidity keeps rising, an
enhanced molecular diffusion permits minimizing the surface
area by filling the holes (surface healing), reducing hills (i.e.,
species diffusion is no longer strictly 2D), and smoothing the
terraces’ edges in a way that the surface topography becomes
hardly distinguishable from the original surface. A change in
mass transport mechanism from 2D to 3D is evident when
even higher humidity is reached (between 70% and 80%).
The step edges start to roughen and eventually new holes
appear at the terraces. Conversely to the mechanism com-
mented above for low RH, under severe humidity conditions
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FIG. 3. (a) Topographic SFM images of a (011) surface of a L-alanine single crystal. The images were acquired on freshly cleaved surfaces in the acoustic
(tapping) operation mode in a glovebox at room temperature and at RHs: (left) ∼ 25% and (right) ∼ 40%. Cleavage was performed at RH ∼ 5%. (b) Time
evolution of SFM images evidencing Ostwald ripening taken at RH ∼ 40%. (c) Time evolution of the area fraction (in %, red squares), the area to perimeter
ratio (black triangles), and RH (blue continuous line). The time where the images from (b) were taken is indicated by blue arrows.
FIG. 4. Topographic SFM images of a (011) surface of a L-alanine single
crystal. The images were acquired on freshly cleaved surfaces in the acoustic
(tapping) operation mode in a glovebox at room temperature and at RHs: (a)
50%, (b) 60%, (c) 70%, and (d) 80%. Cleavage was performed at RH ∼ 5%.
a true roughening occurs and the surface becomes dissolved.
This process is surely enhanced by the influence of the tip,
but real time visualization of surface diffusion evidences that
dissolution takes place with no correlation with the scanning
direction.
B. Friction asymmetry
All water-induced processes described above (water in-
corporation, species diffusion, Ostwald ripening, and rough-
ening) involve molecular displacements and rearrangements
where a large number of degrees of freedom significantly con-
tribute to energy dissipation. Because lateral force imaging is
especially useful to get insight on the dissipation mechanisms
occurring at surfaces, in the following we describe results ob-
tained by this technique. Figure 5(a) shows topography (left)
and forward lateral force (right) images taken in contact mode
at room temperature and 40% RH. The topographic image
shows the already described two-level distribution and the lat-
eral force image reveals clear contrast between them, with the
islands exhibiting a higher (brighter in color scale) forward
lateral force. Note that lateral force signals are measured as
a result of the cantilever torsion, hence having an opposite
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FIG. 5. (a) Topography (left) and lateral force (right) images taken in contact mode at room temperature and 40% RH. Scale is 11 μm × 11 μm. (b) Topog-
raphy (top left), forward scan lateral force (middle left), and backward scan lateral force (bottom left) images taken at room temperature and 40% RH. The
corresponding cross section profiles are shown to the right. A stands for the friction asymmetry while Flf and Flb represent the lateral force signals along the
forward and backward scan directions, respectively. The total friction is calculated as 1/2(Flf − Flb).
sign for reversed scan directions, i.e., larger lateral forces are
visualized as bright colors in the forward scans but as dark
colors in the backward path. Consequently, opposite image
contrast must be recorded if surface regions of different fric-
tion coexist, as for the case of chemically differentiated re-
gions. In Fig. 5(b) simultaneous topography (top left), for-
ward (middle left) and backward (bottom left) lateral force
images taken at room temperature and 40% RH are shown.
Taking the terrace level as in situ reference in the correspond-
ing topographic profile, the islands’ height is 0.35 nm. Inter-
estingly, lateral force imaging reveals that the islands appear
brighter than the terrace in both scan directions. This result
means that the lateral force is asymmetric, i.e., the cantilever
lateral torsion changes within each region when the sliding
direction is reversed (180◦). On the other hand, the same dif-
ference in cantilever torsion magnitude (A in the profiles)
between islands and terrace is measured. More specifically,
friction calculated as 1/2(Flf − Flb) (bottom of line profiles)
reveals that an equal value (same friction coefficient) is ob-
tained on islands and terrace, as otherwise characteristic of
areas of homogeneous surface properties and, in particular,
same chemical composition. Note that this effect is observed,
except at the islands’ boundaries where cantilever torsion is
influenced by the topographic change, independently of the
area of the islands, discarding size effects.
A similar asymmetric effect has been reported for
organic ferroelectric crystals,59 lipid monolayers on mica,40
alkanethiol SAMs domains on gold,43 and for cleavage
surfaces of alkaline earth sulfate crystals.60 The origin is
an asymmetric tip–surface interaction potential (illustrated
by a saw-tooth-like potential by Bluhm et al.59) ascribed
either to domains with the same structure but opposite
molecular tilt directions or to alternate terraces with a mirror
plane surface structure. Islands and terraces of Fig. 5 can
be visualized as such surface domains and in the following
we will focus on the origin of their asymmetry in terms
of friction. In order to exclude electrostatic interaction as
the origin of the frictional asymmetry (asymmetric contact
potential difference), scanning polarization force microscopy
(SPFM) combined with Kelvin probe force microscopy
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FIG. 6. (a) Topography (left) and lateral force (right) contact mode images
and (b) SPFM (left) and KPFM (right) images of (011) surfaces of L-alanine
taken at 50% RH.
(KPFM) measurements are presented (Fig. 6). SPFM gives
topographic information of the surface modulated by the
surface dielectric properties while KPFM gives information
on the dipolar and charge distribution on the surface.61, 62
Figure 6(a) shows contact mode topographic (left) and lateral
force (right) images of a (011) surface taken at 50% RH
where the two regions corresponding to terraces and islands
can be identified and Fig. 6(b) shows SPFM (left) and KPFM
(right) images of the same region. SPFM topographic images
show the same topography features and same height values
(within experimental error) as observed in contact mode,
indicating that no dielectric differences exist between islands
and terraces. Similarly, a featureless KPFM image implies
the existence of a unique surface contact potential in both
regions, supporting once more their same chemical nature.
In Fig. 7(b) the friction asymmetry is represented as a
function of the sample orientation θ while keeping the scan
direction fixed [see Fig. 7(a)]. The 180◦ periodicity reveals
that both friction asymmetry and anisotropy simultaneously
exist. The analysis as a function of RH is also presented in
Fig. 7(c). It turns out that the observed friction asymmetry is
dependent on RH with a maximum at ∼ 40%, in agreement
with the triggering value of enhanced surface species mobility
(Fig. 3), and falls back to the lowest detectable value after re-
moval of water vapor. This fact points to a possible reversible
incorporation of water within the surface (see below).
Altogether, the above results indicate that ascribing fric-
tion asymmetry to an asymmetric (180◦ rotated) molecular
structure of islands and terraces is adequate and this can be
best explored with high resolution SFM. Figure 8 shows a
molecular resolution image of a surface obtained after expo-
sure to 40% RH over an area including part of one terrace and
part of one island. Resolution is high enough to show molec-
ular order in both regions, with ∼ 1.6 nm separated rows run-
FIG. 7. (a) Scheme showing the cantilever scanning direction and sample
orientation (θ ) with regard to the torsional and deflection responses in the
four-sectors detector. (b) Friction asymmetry as a function of θ with respect
to the forward scan direction. (c) Friction asymmetry as a function of RH. Se-
lected lateral force images corresponding to ∼ 20 and 40% RH are displayed.
The lines in (b) and (c) are guides to the eye.
ning along a common crystallographic direction. Even though
the observation of a unique 2D order supports our interpreta-
tion, regretfully, resolution does not reach the level needed to
distinguish molecular positions within the surface unit cell.
C. Structural model
Before proposing a structural model we summarize the
information at hand. As the product of water–surface interac-
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FIG. 8. High resolution topographic image (100 nm × 100 nm) of a terrace
and an island, taken in contact mode after exposure to the sample to 40% RH.
tion, 0.35 nm high islands develop on the surface terraces at
moderate RH. Both, islands and terraces, have the same chem-
ical composition, exhibit rectangular 2D order with the large
dimension equal to 1.6 nm and a high friction asymmetry with
no differences in dipole orientation. These two levels must be
mirrorlike symmetric and should have a lower molecular den-
sity than the (011) initial surface. This scenario is compatible
with a 2D surface ordering in which the molecular species at
the exposed surface are ordered in a lying flat arrangement
with pm rectangular symmetry in which water molecules are
importantly involved.
In pure single component surfaces, usually dense molec-
ular packing sterically prevents many of the possible modes
of energy dissipation such as rotational motions or molecular
bending, otherwise more probable at open molecular struc-
tures. On the other hand, it is known that 2D arrangements
different than those corresponding to ideal (bulk terminated)
surface planes, known as reconstructions, can be stabilized at
surfaces. The reasons for the appearance of such surface re-
constructions are diverse but strong interaction with gas or
liquid molecules are usual triggers of surface species reorder-
ing. Eventually, the final surface is that minimizing the surface
energy for specific environmental conditions. One way or the
other, a reduction of molecular density at surfaces may cer-
tainly result in an enhancement of possible dissipation routes
as observed here. Instead of hypothesizing a completely new
2D molecular structure as responsible for the results reported
here, we judge worth to evaluate the viability of specific pack-
ings already existing in L-alanine crystal planes with the aim
of searching for possible structural models.
The stripelike structure observed in Fig. 8 reminds that
observed for the (120) plane. High resolution images taken on
(120) cleavage surfaces (not shown) reveal parallel molecular
chains running along the crystallographic c-axis with a well
resolved periodicity of 1.7 nm, i.e., the expected surface unit
FIG. 9. (a) Top and (b) side views of the (040) crystal face of L-alanine pro-
jected along the b- and c-axis, respectively. Carbon, oxygen, nitrogen, and
hydrogen atoms are represented by black, red, blue, and white spheres, re-
spectively. The surface unit cell, a × 2c = 0.60 × 1.16 nm2 (red), is com-
pared to that from (011) shown in Fig. 1(a), 0.60 × 1.36 nm2 (blue).
cell for the ideal (120) surface and coinciding with previous
SFM results.63 Though this periodicity agrees reasonably with
the in-plane separation between rows in Fig. 8, the inter-plane
separation is 0.43 nm, clearly larger than the measured islands
height. Moreover, a molecular density of 4 molecules nm−2 is
too close to that of the (011) to justify the observed two levels
landscape.
A more appropriate molecular packing, able to match
with the surface symmetry of the initial (011) surface, and
consisting of a planar arrangement of molecules, is presented
in Fig. 9. This structure corresponds to the (040) crystal plane
with a surface unit cell of 0.603 nm × 0.578 nm, along
the a- and c-crystallographic axis, respectively, i.e., it per-
fectly matches with the (011) plane in one direction. The re-
duced unit cell of the (011) plane [see Fig. 1(a)] has been
drawn in Fig. 9(a) to illustrate that the uniaxial mismatch be-
tween both planes is adequate so that two lying molecules
in an arrangement as that of the (040) plane would perfectly
match on the fourfold positions [labelled 1, 2 in Fig. 1(a)]
of the underlying (011)-terminated crystal. With a density of
∼ 2.9 molecules nm−2, this packing is consistent with the for-
mation of two levels out of one initial much denser (011) sur-
face (∼ 4.9 molecules nm−2). In terms of friction, such an
open 2D structure with a large area per molecule (34.8 Å2
vs 20.5 Å2) would favor molecular motions responsible for
large dissipation processes. The friction asymmetry between
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islands and terraces may be explained via the uniaxial mis-
match and the unique molecular orientation within the surface
plane, which makes equally probable the formation of 180◦
rotated domains. Finally, a good estimation for the expected
thickness of this planar arrangement is the distance between
adjacent (040) planes, which is b/4 ∼ 0.31 nm [Fig. 9(b)],
very close to the observed islands’ height. In addition, a lying
down surface molecular distribution supports a hydrophobic
character since the molecular dipoles lie nearly parallel to the
surface.47
How credible is the water-mediated formation of a sur-
face as the model proposed here? The high affinity to wa-
ter exhibited by the (011) surface, which is experimentally
observed at low RH values and has been previously inter-
preted in terms of nearly collinear alanine dipole–water dipole
interactions,47 may lead to the dissociation of the L-alanine
intermolecular bonds. In crystals L-alanine molecules are
bound together through N-H. . .O hydrogen bonds between
the ammonium and carboxylic groups of nearest molecules.
Water molecules may break such bonds and solvate the in-
dividual molecules through N-H. . .O and O. . .H-O hydro-
gen bonds. The solvated zwitterionic form of L-alanine can
differ significantly from the crystalline phase but has been
found to be stable.27 However, the solvated system cannot
stand the whole set of molecules at the same terrace level and
some are liberated to the surface. They would diffuse and nu-
cleate in islands adopting a lying down configuration to op-
timize van der Waals interactions and growing by Ostwald
ripening to reduce surface energy. On the other hand, molec-
ular removal would cause a relaxation of the now less dense
terrace level in such a way that the remaining molecules are
able to bend and eventually, for a low enough density, arrange
in a lying down configuration as well. If approximately one
out of two L-alanine molecules is displaced during solvation,
islands will cover ∼ 50% of the terraces (or a bit more if wa-
ter is incorporated), in good agreement with Fig. 3(c). For
energetic reasons, both levels must be equivalent domains.
Their expected tension-free hydrated structure is presumably
uniaxially strained to match the underlying (011) lattice, pro-
viding an appropriate 180◦ surface asymmetry. At this stage,
with the molecular dipoles parallel to the surface in both lev-
els, the strength of the dipolar interactions is reduced and the
initial hydrophilic character turns into hydrophobic. Interest-
ingly, this hydrophobicity is reinforced by the incorporation
of water.
IV. CONCLUSIONS
We have studied the interaction of water with freshly
cleaved (011) surfaces of L-alanine single crystals as a func-
tion of RH combining different SFM techniques, both in con-
tact and noncontact operational modes (lateral force, molec-
ular resolution contact mode, and electrostatic modes). We
have shown that water molecules strongly interact with the
initial hydrophilic (011) surface even at low relative humidi-
ties (RH < 10%), promoting diffusion of L-alanine molecules
and creating a two level landscape formed by terraces and is-
lands that undergo 2D Ostwald ripening. The two surface lev-
els exhibit the same nature and crystallographic structure but
a 180◦ rotated orientation as revealed by lateral force and sup-
ported by high resolution SFM images. Though our molecular
resolution images do not permit elucidating the actual newly
generated structure, a structural model based on energetic and
geometric arguments is presented in which molecules lie flat
in a low density ordered arrangement uniaxially matching
with the underlying (011) crystal orientation.
The reported water-mediated surface reorganization can
be seen as a surface self-passivation process with a switch-
able response, as revealed by the friction response as a func-
tion of RH, with promising implications in the investigation
field of biomolecules. Although our findings apply to the par-
ticular case of L-alanine, they are foreseen of relevance for
understanding the complex interplay of biomolecules, such as
proteins, with water, i.e., protein hydration, essential for their
three-dimensional structure and activity.
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